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2
$\phi$ , $d$ $L$
. 2 . – $\tau_{0}+\delta T/2$ ,
$T_{0}-\delta T/2$ . 1 ,
$x$ , $z$ . ,
, $\psi$ ,
$\theta$ , .
$\frac{\partial\Delta\psi}{\partial t}-P\Delta^{2}\psi+PRa\sin\phi-PRa(\frac{\partial\theta}{\partial z}\sin\phi-\frac{\partial\theta}{\partial x}\cos\phi)=J(\psi, \triangle\psi)$, (1)
$\frac{\partial\theta}{\partial t}-\triangle\theta+\frac{\partial\psi}{\partial x}=J(\psi, \theta)$ . (2)
, $J(f,g)$ $\triangle$ $(x, z)$
.
$J(f,g)= \frac{\partial(f,g)}{\partial(x,z)},$ $\Delta=\frac{\partial^{2}}{\partial x^{2}}+\frac{\partial^{2}}{\partial z^{2}}$ . (3)
, $Ra$
P .
$Ra= \frac{\gamma g\delta\theta d^{3}}{\nu\kappa},$
$P= \frac{\nu}{\kappa}$ . (4)
, $\kappa$ , $\nu$ , $\gamma$ , $g$ ,
$\delta T$ . , –
$A(\equiv L/d)$ . $\mathrm{u}$ $T$ , $\psi$ $\theta$ $\mathrm{u}=(u, w)=$
$(\partial\psi/\partial z, -\partial\psi/\partial x)$ $T=-Z+\theta$ .
. ,
.
$\psi=\frac{\partial\psi}{\partial z}=0$ , $\theta=0$ at $z=\pm 1/2$ ,
$\psi=\frac{\partial\psi}{\partial x}=0$ , $\theta=0$ at $x=\pm A/2$ . (5)
3
, .
. , Ra .
, ,
, (1),(2) $\psi$ $\theta$ .
$\Delta^{2}\psi=Ra\frac{\partial\theta}{\partial x}$ , (6)
$\Delta\theta=\frac{\partial\psi}{\partial x}$ . (7)
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(6), (7) (5) Rac .
, $(\psi, \theta)$ $x$ $z$ ,
.
$(\mathrm{a}\mathrm{a})$ : $(\psi(e, e),$ $\theta(\mathit{0}, e))$ ,
(sa) : $(\psi(\mathit{0}, e),$ $\theta(e, e))$ ,
(as) : $(\psi(e, \mathit{0}),$ $\theta(_{\mathit{0}},\mathit{0}))$ ,
$(\mathrm{s}\mathrm{s})$ : $(\psi(_{\mathit{0}},\mathit{0}),$ $\theta(e, \mathit{0}))$ .
, \psi (e, $e$ ) \psi $x$ z . $(\mathrm{a}\mathrm{a})$
, $x$ $z$ ,
. 2 , $A=1$ .
2. $(A=1)$ . (a): $(\mathrm{a}\mathrm{a})$ ,
(b): (sa) , (c): (as) , (d): $(\mathrm{s}\mathrm{s})$ .
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$m$ \neq ^x x $T_{m}(x)$ , \neq -\supset i
. M N , $x$ z
. amn $b_{mn}$ $2\cross(2M+2)\cross(2N+2)$ ,
$2\cross(M+1)\mathrm{x}(N+1)$ . ,
(6) $,(7)$ , $a_{mn}$
$b_{mn}$ . , 96
.
. .
$x_{i}= \frac{A}{2}\cos(\frac{i+1}{2M+3}\pi)$ , $(i=0,1, \cdots, 2M+1)$ ,




, $\mathrm{a}=(ta_{2M1,2}a_{00}, a01, \ldots,+N+1)$ $\mathrm{b}={}^{\mathrm{t}}(b00, b01, \ldots, b_{2M1,2}+N+1)$ , $\mathrm{A},$ $\mathrm{B},$ $\mathrm{C}$
$\mathrm{D}$ $\{(2M+2)\cross(2N+2)\}\cross\{(2M+2)\cross(2N+2)\}$ . 2
, 4 .
$A=1$ , . $(\mathrm{a}\mathrm{a})$
, Ra . , $M,N$
, , $Ra_{c}=5011.7$ . , (sa), (as), $(\mathrm{s}\mathrm{s})$
, $Ra_{c}=7972.4,$ $Ra$ $=28830,$ $Ra$ $=27933$ .
4 3
. 3 $\mathrm{O}.1<A<10$ , =
. $x$ . $A$
$(\mathrm{a}\mathrm{a})$ , $A$ 157 (sa)
. $A$ $(\mathrm{a}\mathrm{a})$ (sa)
. (as) $(\mathrm{s}\mathrm{s})$ $A$ . $(\mathrm{a}\mathrm{a})$
(sa) ,
. , $(\mathrm{a}\mathrm{a})$ – .
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$(\mathrm{a}\mathrm{a})$ (sa) $A_{\text{ }i}(i=1,2, \ldots)$ ,
, $A=1,2,3,$ $\ldots,$ $10$ 1 . 1 Ac’ – ,
$\Delta A_{\text{ }i}\simeq 1.0$ . , $x$ 1 , $A$ 1 $x$
1 . $Aarrow\infty$
$Ra_{c}=1707.8$ . $A\ll 1$ ,
$(i\mathrm{i}\mathrm{a})$ – , .
4
, , Ra=Rac
. – , , $Ra$
. ,
. (1), (2) /m $=0$ , $(\overline{\psi},\overline{\theta})$
.
$-P \triangle^{2}\overline{\psi}+PRa\sin\phi-PRa(\frac{\partial\overline{\theta}}{\partial z}\sin\emptyset-\frac{\partial\overline{\theta}}{\partial x}\cos\phi)=J(\overline{\psi}, \triangle\overline{\psi})$ , (10)
$- \triangle\overline{\theta}+\frac{\partial\overline{\psi}}{\partial x}=J(\overline{\psi},\overline{\theta})$ . (11)
(10),(11) , (5) $(\overline{\psi},\overline{\theta})$ .
,
, $(\mathrm{a}\mathrm{a})$ (sa) .





$\overline{\psi}(-x, -z)=\overline{\psi}(X, z)$ ,
$\overline{\theta}(-x, -z)=-\overline{\theta}(X, z)$ .
, (sa) , (sa) ,
$(\mathrm{a}\mathrm{a}),$ (as), $(\mathrm{s}\mathrm{s})$ . ,
. , $\phi=0$
.
, $(\overline{\psi},\overline{\theta})$ (7) $(\psi, \theta)$ . (10), (11)
, $a_{mn},$ $b_{mn}$
. , (8) .
$–=-$ . . $M,$ $N$ , $Z_{2}$
$M=N=6,$ $Z_{2}$ $M=N=5$
.
, $(x, z)=(A/2-1/4,0)$ $z$
$w_{1}$ Nu–l .
$w_{1}=- \frac{\partial\overline{\psi}}{\partial x}$ at $(x, z)=( \frac{A}{2}-\frac{1}{4}, \mathrm{o})$ . (12)
$Nu– l=- \frac{1}{A}\int_{-}^{A/2}A/2\frac{\partial\overline{\theta}}{\partial z}|_{z=\pm\frac{1}{2}}\mathrm{d}X$. (13)
, $(\mathrm{a}\mathrm{a})$ (sa) , $A=1$
$A=2$ . $A=1$ $A=2$ , $\phi=0^{\mathrm{o}}$
$\phi=1^{\mathrm{o}}$ .
$4(\mathrm{a})$ $A=1$ , $\phi=0^{\mathrm{O}}$ \mbox{\boldmath $\phi$} $=1^{\mathrm{o}}$ $w_{1}$ $Ra$
. , +1, -1 . $\emptyset--0^{\mathrm{o}}$ , $\mathrm{O}\mathrm{P}$
CP , 2 . 2 $\mathrm{C}_{\mathrm{p}}\mathrm{Q}$
$\mathrm{C}_{\mathrm{p}}\mathrm{R}$ , . ,
. – , $\phi=1^{\mathrm{o}}$ , $Ra$
. $\mathrm{O}\mathrm{S}$ , $w_{1}$
. $\mathrm{T}_{\mathrm{p}}\mathrm{U}$ $\mathrm{T}_{\mathrm{p}}\mathrm{T}$ Tp , .





, – , .




4. $(A=1)$ . (a): , (b): Nu–l.
$4(\mathrm{b})$ $A=1$ , $\phi=0^{\circ}$ \mbox{\boldmath $\phi$} $=1^{\mathrm{O}}$ $Nu$ $Ra$
. $Nu$ $A=1$ . ,
$Z_{2}$ $Nu$
. , \mbox{\boldmath $\phi$} $=0^{\mathrm{o}}$ \mbox{\boldmath $\phi$} $=1^{\mathrm{O}}$
. , $Ra$
\mbox{\boldmath $\phi$} . , Nu-l
.
, . $5(\mathrm{a})$ $5(\mathrm{b})$ , $Ra=4000$
\mbox{\boldmath $\phi$} $=1^{\mathrm{o}}$ . , 4(a) A
. $Ra=40\mathrm{o}\mathrm{o}$ , – .
, Mizushima6) , $5(\mathrm{a})$
– , . ,
. $5(\mathrm{b})$ . –
, , ,
. $5(\mathrm{c})$ $Ra=60\mathrm{o}\mathrm{o}$ \mbox{\boldmath $\phi$} $=0^{\mathrm{O}}$ . ,
. $\mathrm{C}_{\mathrm{p}}\mathrm{R},$ $\mathrm{T}_{\mathrm{p}}\mathrm{U}$ $\mathrm{T}_{\mathrm{p}}\mathrm{T}$ $5(\mathrm{a})$
$5(\mathrm{c})$ .
, OS $\mathrm{C}_{\mathrm{p}}\mathrm{Q}$ $\mathrm{C}_{\mathrm{p}}\mathrm{R}$ – ,
. $Ra=60\mathrm{o}\mathrm{o}$ \mbox{\boldmath $\phi$} $=0^{\mathrm{o}}$
$5(\mathrm{d})$ .
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5. $(A=1)$ . $(\mathrm{a}),(\mathrm{C})$ : . $(\mathrm{b}),(\mathrm{d})$ : .
$(\mathrm{a}),(\mathrm{b}):Ra=4000,$ $\phi=1^{\mathrm{o}}$ . $(\mathrm{c}),(\mathrm{d}):Ra=6000,$ $\phi=0^{\mathrm{o}}$ .
$A=2$ $w_{1}$ $Ra$ $6(\mathrm{a})$ .
$\phi=0^{\mathrm{O}}$ , $A=1$ . $\mathrm{O}\mathrm{P}$ , $\mathrm{C}_{\mathrm{p}1}$
, 2 $\mathrm{C}_{\mathrm{p}1}\mathrm{Q}$ $\mathrm{C}_{\mathrm{p}1}\mathrm{R}$ . ,
\mbox{\boldmath $\phi$} $=1^{\mathrm{O}}$ . 1 $\mathrm{O}\mathrm{S}$ , $\mathrm{C}_{\mathrm{p}2}$
, 2 $\mathrm{C}_{\mathrm{p}2}\mathrm{T}$ $\mathrm{C}_{\mathrm{p}2}\mathrm{U}$ .
, OS 2 $\mathrm{C}_{\mathrm{p}1}\mathrm{Q}$ $\mathrm{C}_{\mathrm{p}1}\mathrm{R}$
– . , $6(\mathrm{b})$ Nu–l $Ra$
. $Nu$ , $6(\mathrm{a})$
$\mathrm{O}\mathrm{S}$ , , $\mathrm{C}_{\mathrm{p}1}\mathrm{Q},$ $\mathrm{C}_{\mathrm{P}^{1}}\mathrm{R}$ ,
$\mathrm{C}_{\mathrm{p}2}\mathrm{T}$ $\mathrm{C}_{\mathrm{p}2}\mathrm{U}$ , Nu-l
. $6(\mathrm{c})$ , $\phi=0^{\mathrm{o}}$ Nu–l $Ra$
.
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, $Nu$ . $\mathrm{C}_{\mathrm{p}1}\mathrm{Q}$ , $6(\mathrm{c})$
. – , $\mathrm{C}_{\mathrm{p}1}\mathrm{R}$ ,
. Nu–l , $6(\mathrm{c})$
– . $Nu$ , $xarrow-X,$ $zarrow-z$ , \psi \rightarrow +\psi
$\thetaarrow-\theta$ (9), (10) . $Nu$ ,
, $\langle$ ,
.
6. $(A=2)$ . (a): , (b): Nu–l, (c): (b) .
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1 OS $7(\mathrm{a})$ . , $Ra=1000$
$\phi=1^{\mathrm{O}}$ , , $6(\mathrm{c})$ $\mathrm{C}$ .
, $x$ . $7(\mathrm{b})$ . $\mathrm{C}_{\mathrm{p}1}\mathrm{Q}$
, $7(\mathrm{c})$ $x$ .
$Ra=2500$ \mbox{\boldmath $\phi$} $=0^{\mathrm{o}}$ . $7(\mathrm{d})$ . $\mathrm{C}_{\mathrm{p}1}\mathrm{Q}$
$\mathrm{C}_{\mathrm{p}1}\mathrm{R}$ , $\mathrm{C}_{\mathrm{p}1}$ .
– , $\mathrm{O}\mathrm{S}$ $\mathrm{C}_{\mathrm{p}1}\mathrm{Q}$ $\mathrm{C}_{\mathrm{p}1}\mathrm{R}$
– .
7. $(A=2)$ . $(\mathrm{a}),(\mathrm{c})$ : . $(\mathrm{b}),(\mathrm{d})$ : .
$(\mathrm{a}),(\mathrm{b}):Ra=$ 1000, $\phi=1^{\mathrm{O}}$ . $(\mathrm{c}),(\mathrm{d}):Ra=25\mathrm{o}\mathrm{o},$ $\phi=0^{\circ}$ .
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5
, $A=1$ , $A=2$
. , ,
$w_{1}$ . , –
$-p$ .
(1) (2) , $\phi<<1$ .
$\frac{\partial\Delta\psi}{\partial t}=P\triangle^{2}\psi-PRa\phi+PRa\phi\frac{\partial\theta}{\partial z}-PRa(1-\frac{1}{2}\emptyset^{2})\frac{\partial\theta}{\partial x}+J(\psi, \Delta\psi)$, (14)
$\frac{\partial\theta}{\partial t}=-\frac{\partial\theta}{\partial x}+\triangle\psi+J(\psi, \theta)$ , (15)
(14) (15) , $f={}^{t}(\psi, \theta)$ ,
.
$\frac{\partial}{\partial t}Mf=Lf+RaKf+Ra\phi F+Ra\phi Ef+Ra\phi^{2}Gf+N(f, f)$ , (16)
, $M,$ $L,$ $K,$ $F,$ $E,$ $G,$ $N$ .
$M=$ , $L=$ ,
$K=,$ $E=$ ,
$F=$ , $G=$ ,$N=$. (17)\epsilon 2 $=Ra-Ra_{c}$ . \mbox{\boldmath $\phi$} , $O(\epsilon^{3})$
$\psi=\epsilon^{3}\phi_{\iota}$ . $f$ \epsilon .
$f= \sum_{k=0}\epsilon^{k1}f+k,$
$f_{k}=(\psi_{k}, \theta_{k})$ . (18)
, $t_{k},$ $(k=0,1,2, \cdots)$ . ,
$t_{k}=\epsilon^{2k}t$ . (19)
, $\partial/\partial t$ .
$\frac{\partial}{\partial t}=\sum_{k=0}\epsilon\frac{\partial}{\partial b_{k}}2k$ . (20)




, \partial /\partial t , . (21)
, $\phi=0$ . , $f_{\mathit{0}=}A(t_{1})g\mathrm{o}(x, z)$
. , g0 $(x, Z)$ (6) (7) , $A(t_{1})$
– tl . $g_{0}(x, Z)$ , $g_{0}(A/2-1/4,0)=1$
.
$O(\epsilon^{2})$ , .
$Lf_{1}+Ra_{\text{ }}Kf1=N(f_{0}, f\mathrm{o})$ . (22)
(22) , $f_{1}=A2(t_{1})g1(X, Z)$ .
$O(\epsilon^{3})$ , .
$\frac{\partial}{\partial t_{1}}Mf_{0}$ $Lf_{2}+RaCKf_{2}+Kf_{0}+Ra\text{ }\emptyset 1F+N(f\mathrm{o}, f1)+N(f1, f\mathrm{o})$ . (23)
(23) , $A(t_{1})$ .





. , (21) \mbox{\boldmath $\phi$}o .
$\tilde{L}\tilde{g}_{0}+Ra\text{ }\tilde{K}\tilde{g}0=0$ ,
$\tilde{L}=($ $P\triangle^{2}0$ $\partial/\partial x\triangle$ ), $\tilde{K}=$ . (27)
$w_{1}$ , $A(t_{1})$ $w_{1}=\epsilon A,$ $t=t_{1}/\epsilon^{\mathit{2}},$ $\phi=\epsilon^{3}\phi 1$ $Ra-Ra$
$\epsilon^{\mathit{2}}$ , ,
$\frac{\mathrm{d}w_{1}}{\mathrm{d}\mathrm{t}}=(Ra-Ra_{C})\lambda_{0^{w}}1+\lambda_{1}w_{1}^{3}+Ra_{C}\phi\lambda_{2}$ (28)
. $(Ra-Ra_{\text{ }})\lambda 0$ , $\lambda_{1}$ – . (28)
, ,
. ,
. , $\tilde{g}0$ F ,
. F , $x$ . $)_{0}$ ,




(28) . $g_{0}(x, Z)$ $g_{1}(x, z)$ , (7)
. , 96
. $A=1$ $A=2$ $Ra$ $=5011.7$ 2384.9
2 . , $\lambda_{2}$ $A=1$
, $A=2$ .
$\phi=0^{\mathrm{O}}$ $A=1$ , (28) $w_{1}$ , $Ra$
8(a) . , —=. .
. , . , $O(\epsilon^{3})$
$w_{1}$ , 8(a) , –f
- . ,
$(\mathrm{a}\mathrm{a})$ (sa) . $8(\mathrm{a})$
, $Ra_{C}=5011.7$ $(\mathrm{a}\mathrm{a})$ (sa) .
, (sa) . (sa)
$Ra$ $=$ 79724 , (sa) $Ra<Ra$ $–79724$
. , (28) $8(\mathrm{a})$ $Ra$
.
, $O(\epsilon^{3})$ , $8(\mathrm{b})$ , w,
. , , $Nu-1\propto Ra-Ra$




$\lambda_{0}$ 8.7619 $\cross 10^{-3}$ 9.3697 $\mathrm{x}10$
$\lambda_{1}$ $- 0.17879$ $- 0.29998$
$\lambda_{9}$ -0.17365 $0$
8. $(A=1)$ . (a): . (b): Nu–l.
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9. $(A=1)$ . (a): . (b): Nu–l.
10. $(A=2)$ . (a): . (b): Nu–l.
$\phi=0.001^{\mathrm{O}}$ $A=1$ $w_{1}$ $9(\mathrm{a})$ . (28)
, — $=\mathrm{L}^{-}$ . .
, $\phi=0.001^{\circ}$ , $9(\mathrm{a})$
. , $–=.-$ .
, $\text{ }$
, $8(\mathrm{a})$ – , $\phiarrow 0^{\mathrm{O}}$
. $\phi=0.001^{\circ}$ $A=1$ $Ra$ $9(\mathrm{b})$
. , .
$A=2$ $w_{1}$ \mbox{\boldmath $\phi$} $=0^{\mathrm{O}}$ $10(\mathrm{a})$ $10(\mathrm{b})$




, (sa) $(\mathrm{a}\mathrm{a})$ . ,
$Ra_{c}=2384.9$ (sa) . , $(\mathrm{a}\mathrm{a})$
, $(\mathrm{a}\mathrm{a})$ $Ra<Ra_{c}=2607.0$
. $A=2$ $(\mathrm{a}\mathrm{a})$ (28) , $A=1$
– ,
.
$10(\mathrm{b})$ Nu–l , .
, Nu–l ,
. , ,
. \mbox{\boldmath $\phi$} ,
\mbox{\boldmath $\phi$} $=0.001^{\mathrm{O}}$ .
6
$A=1$ , \mbox{\boldmath $\phi$} $=0.001^{\mathrm{o}}$ ,
. , $\phi<0.001^{\circ}$ ,
, . , $8(\mathrm{a})$
, $9(\mathrm{a})$ –
. , $8(\mathrm{a})$ $9(\mathrm{a})$
. – , $4900<Ra<51\mathrm{o}\mathrm{o}.\text{ }$,
.
– ,




, $4(\mathrm{a})$ $\mathrm{C}_{\mathrm{p}}\mathrm{Q},$ $\mathrm{c}_{\mathrm{p}}\mathrm{R},$ $\mathrm{O}\mathrm{S}$ $\mathrm{T}_{\mathrm{p}}\mathrm{T}$ ,
, $Ra$
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